Abstract: Adsorption processes at mineral-water interfaces control the fate and transport of arsenic in soils and aquatic systems. Mechanistic and thermodynamic models to describe this phenomenon only consider inner-sphere complexes but recent observation of the simultaneous adsorption of inner-and outer-sphere arsenate on single crystal surfaces complicates this picture. In this study, we investigate the ionic strength-dependence of the macroscopic adsorption behavior and molecular-scale surface speciation of arsenate bound to gibbsite and bayerite. Arsenate adsorption decreases with increasing ionic strength on both minerals, with a larger effect at pH 4 than pH 7. The observed pH-dependence corresponds with a substantial decrease in surface charge at pH 7, as -potential measurements. EXAFS spectroscopy finds that the number of second shell Al neighbors around arsenate is lower than that required for arsenate to occur solely as an innersphere surface complex. Together, these observations demonstrate that arsenate displays macroscopic and molecular-scale behavior consistent with the co-occurrence of inner-and outersphere surface complexes. This demonstrated that outer-sphere species can be responsible for strong adsorption of ions and suggests that environments experiencing an increase in salt content may induce arsenic release to water, especially under weakly acidic conditions.
Introduction
Adsorption is a critical control on the occurrence and fate of arsenic in soils and aquatic systems [1] [2] [3] [4] [5] and is utilized to remove this toxic element during water treatment [6, 7] . Arsenate (HxAsO4 x-3 ), the common form of arsenic under oxidizing conditions, strongly adsorbs to many mineral surfaces, especially to aluminum and iron (oxyhydr)oxides [1, 4, 8, 9] . The macroscopic uptake of this oxoanion onto oxide minerals has not been observed to display a dependence on ionic strength in prior studies [8] [9] [10] , indicating a lack of outer-sphere complexes [11] . Previous spectroscopic studies have widely observed that arsenate forms inner-sphere surface complexes on mineral surfaces [4, 8, 9, [12] [13] [14] [15] [16] [17] . Surface complexation models for arsenate adsorption predict the partitioning of this oxoanion between water and mineral surfaces using only such complexes [9, [18] [19] [20] . A description of arsenate adsorption behavior based solely on an inner-sphere (ligand exchange) binding mechanism was thus established over the last few decades that is widely accepted today.
This picture became more complicated when the simultaneous occurrence of both inner-and outer-sphere arsenate surface complexes was observed on aluminum and iron oxide single crystal surfaces [21] . While the transferability of processes on such highly-idealized surfaces to particles representative of natural and engineered sorbents is uncertain, a re-evaluation of past observations is warranted. Detection of inner-sphere complexes using extended X-ray absorption fine structure (EXAFS) spectroscopy does not preclude co-existing outer-sphere species, as the latter lack diagnostic features in EXAFS spectra [21] . Hydrogen bonding of outer-sphere molecules to surface functional fixed at 4 and the coordination numbers of As-Al shells were allowed to vary. For the As-Al single scattering path, the Debye-Waller factor, σ 2 , was fixed to 0.006 to reduce covariation during fitting. 
Macroscopic Arsenate Adsorption

160
The macroscopic arsenate adsorption isotherms on both minerals at each ionic strength show 161 similar trends, with arsenate displaying greater adsorption at low pH and on bayerite versus gibbsite
162
( Figure 1 ), consistent with our prior study [22] . The macroscopic arsenate adsorption data are then 163 fitted using Langmuir isotherm with co-optimized maximum adsorption capacity parameters (Γmax,i)
164
and affinity constants (Ki):
where Γads is the amount of adsorbate adsorbed, C(ads) is the final adsorbate concentration in solution, isotherm model for both gibbsite and bayerite (Figure 1 & Figure S1 ). Comparing the fitting than those of gibbsite at same pH and same ionic strength (Table 2) , which could be attributed to the 171 abundance of edge surface sites on bayerite particles displaying stronger adsorption capacity.
172
However, under the same experimental condition, the two components Γmax,1 and Γmax,2 do not vary 173 in proportion to the relative areas of basal and edge surface sites on both minerals, suggesting that
174
Dual Langmuir behavior is not related to particle morphology but the presence of two different 175 surface complexes (e.g., inner-and outer-sphere species) on both minerals. These macroscopic should be noted that the very large K1 value in the Dual Langmuir model fit for gibbsite at pH 7 in 178 0.5 M NaNO3 is likely not determined uniquely because of the lack of adsorption data at very low 
198
a Goodness-of-fit parameter. The R-factor is the sum of the differences between the data and the fit at each data 
Arsenate Adsorption Mechanisms
222
Arsenic surface speciation for a series of adsorption samples (Table 1) 
236
The EXAFS-derived coordination number of Al neighbors associated with the inner-sphere 237 complex on both minerals is less than 2 ( samples. Detailed sample information is provided in Table 1 . 
306
However, the spectroscopic results clearly rule out the strongly (Langmuir isotherm 1) and weakly
307
(Langmuir isotherm 2) bound arsenate species corresponding to inner-and outer-sphere complexes.
308
The coexistence of such species is surprisingly unrelated to the apparent adsorption isotherm 
Implications to Arsenate in the Environment
313
The strong adsorption of arsenate to many aluminum and iron (hydro)oxide minerals widely 314 observed in past studies [8,9,12,13,17] has traditionally been attributed solely inner-sphere surface latter species are partially responsible for this strong adsorption behavior. While such species appear to have high affinity for the mineral surface, they are expected to be more kinetically labile because more rapidly from mineral surfaces than inner-sphere species, although experimental confirmation 320 is needed as desorption of outer-sphere species was recently shown to be the rate-limiting step in overall Rb + desorption on muscovite [40] . Past macroscopic kinetic studies for arsenate have often surface complexes displaying similar adsorption affinities and co-occurring over a wide range of 326 conditions.
327
The 
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Supplementary Materials: The following are available online at www.mdpi.com/link, Figure S1 : Single
337
Langmuir isotherm fits to arsenate adsorption in different ionic strength on bayerite and gibbsite pH 4 and pH 338 7, Figure S2 : Correlations of Dual Langmuir fitting parameters versus square root of ionic strength, Table S1 :
339
Fitting parameters for Single Langmuir isotherms.
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EXAFS spectra were collected at beamline 4-1 at the SSRL, operated by SLAC National Accelerator Laboratory Table S1 . 
